Background: Combined photovoltaic/thermal (PV/T) collectors show great potential for reaching the objective of net-zero energy consumption in buildings, but the number of products on the market is still very limited. One of the reasons for the slow market uptake of PV/T collectors is the absence of standardized methods to characterize their performance. Performance characterization is a challenge for PV/T collectors because of the interaction between the thermal and electrical yield. This study addresses this particular issue for PV/T air collectors used in either closed-loop or open-loop configurations. In particular, it presents the potential of the equivalent cell temperature method to determine the temperature of the PV cells in a PV/T air collector and validates models to predict the thermal performance and cell temperature for this particular type of solar collector. Method of Approach: Indoor and outdoor experimental tests were performed on two c-Si unglazed PV/T modules. The indoor part of this procedure provided the thermal diode voltage factor and the open-circuit voltage temperature coefficient, two parameters that are essential in the calculation of the equivalent cell temperature. The outdoor procedure consisted of acquiring simultaneous electrical and thermal measurements at various inlet temperatures and flowrates. Results: For the collector used in a closed-loop configuration, thermal efficiency models using the fluid inlet, outlet or average temperature in the calculation of the reduced temperature provided similar results. For an open-loop configuration, a thermal efficiency model as a function of the fluid outlet flowrate was found to be more appropriate. Using selection of variable methods, it was found that a multiple linear regression model using the fluid inlet temperature, the irradiance and the fluid outlet temperature as predictive variables could be used to estimate both the PV module back surface average temperature and the equivalent cell temperature. When using the PV temperature predicted by these models in the electrical efficiency model, both PV temperatures showed similar performance. Conclusions: In collectors where the PV back surface temperature is not accessible for temperature sensors mounting, the equivalent cell temperature provides a valuable alternative to be used as the PV temperature. The PV/T collector thermal and electrical performance in either closed-loop or open-loop configurations was found to be encapsulated with a series of 5 plots.
Introduction
Buildings account for almost a third of the worldwide energy consumption and greenhouse gas emissions. If current trends are maintained, the International Energy Agency (IEA) estimates that the building sector energy consumption could increase by 60% from 2007 to 2050 [1] . This has resulted in an increased interest for net-zero energy buildings (NZEB) in recent years, and a number of research projects were launched on the technologies required to reach net-zero energy consumption. Combined photovoltaic/thermal (PV/T) collectors are among the technologies that are of great interest for NZEB both in residential and in commercial sectors. These collectors use PV cells as a thermal absorber and recover the heat losses from the PV to produce electricity and thermal energy simultaneously [2] . This can be done actively or passively, by a heat transfer fluid that can be either air or a liquid. Recovered heat can then be used directly in commercial buildings as pre-heated fresh air or in the case of a house, coupled with other technologies to provide domestic hot water heating or space heating.
A number of recent projects have demonstrated the potential of PV/T collectors to fulfill part of the energy requirements of buildings [3] [4] [5] . The number of products available on the market is still, however, very limited. A study conducted on the barriers of the PV/T collector market penetration [6] has shown that the absence of certification, the lack of information on their cost-benefit ratio compared to side-by-side PV and solar thermal collectors and the absence of tools to get a quick estimate of the yield of these collectors were among the reasons for the slow interest of architects and manufacturers towards this technology. In fact, even though there are standardized testing methods to characterize the performance of solar thermal collectors and PV modules, separately, there are currently no standards adapted to PV/T collectors. Manufacturers can choose the procedure used to test their products and they are not required to present their performance in any particular way. As a result, it is difficult to compare different systems and to get a quick estimate of their performance.
This study addresses some of the issues related to the thermal and electrical performance characterization of PV/T collectors. In particular, the objectives are:
-to validate the potential of the application of the equivalent cell temperature method to determine the PV cell's temperature in PV/T air collectors -to validate models to predict the thermal performance of PV/T air collectors -to present a graphical method to encapsulate the performance of PV/T air collectors for system design purposes
The focus is on collectors using air as the heat transfer fluid, since experience with this technology in Canada has mainly been obtained with air collectors [3] [4] [5] . Both closed-loop systems (with recirculated air) and open-loop configurations (for fresh air preheating) are considered.
To achieve these objectives, an experimental procedure with indoor and outdoor components was developed as presented in section 3. During these indoor and outdoor experiments, data was collected to obtain the parameters required to calculate the PV equivalent cell temperature as well as the collector thermal and electrical efficiencies under a wide range of conditions. The potential of using the equivalent cell temperature as the PV operating temperature in a PV/T collector was evaluated. This was achieved by developing the electrical models in section 4 using either the equivalent cell temperature or the PV back surface average temperature as the PV operating temperature and comparing their performance at predicting the PV efficiency. Then, models were developed to predict the collector thermal efficiency under quasi-stationary conditions for the collector operating in both closed-loop and open-loop conditions. Using statistical methods, the important variables in the prediction of the equivalent cell temperature and PV back surface average temperature were investigated and empirical models were developed to predict these temperatures. These models provided a link between the electrical and thermal performance of the collector which was used to develop the graphical method encapsulating the collector thermal and electrical performances.
Literature Review
This section presents a literature review on PV modules and solar thermal collector performance characterization standards. It also provides an overview of the work related to PV/T collector performance characterization, highlighting the main issues with the testing of this technology.
PV Modules Standards
There are two international standards available on design qualification and type approval of PV modules: IEC 61215 for terrestrial c-Si PV modules [7] and IEC 61646 for thin film PV modules [8] . In both documents, procedures are described for module characterization and durability testing. Tests associated with the performance characterization can be performed indoors or outdoors and include the determination of the maximum power point, the temperature coefficients, the nominal operating cell temperature (NOCT) and the module performance at standard operating conditions (STC), NOCT and low irradiance.
Air Solar Thermal Collector Standards
In North America, the ANSI/ASHRAE standard 93-2010 [9] is typically used for characterizing the performance of air and liquid solar thermal collectors. For air collectors, this standard contains procedures to obtain the collector's time constant, incidence angle modifier, infiltration (or leakage) rate as a function of collector pressure and thermal performance in quasi-stationary conditions. The collector's thermal efficiency,  th , is represented with the following variation of the Hottel-Whillier Bliss (HWB) equation [10] :
addressing the performance characterization of liquid solar thermal collectors, the arithmetic average fluid temperature, T fm , is used as T* along with the heat removal factor F AV .
In Europe, there are no official standards to characterize the performance of solar air collectors, but a draft has been developed for non-concentrating collectors where the fluid enters and leaves the collector by only one inlet and one outlet [12] . According to this document, one of the main challenges for air solar collector characterization is that the heat transfer rate between the absorber and the heat transfer fluid is lower than in liquid collectors. As a result, the influence of flowrate on the collector's performance is greater and it is difficult to apply results obtained on a collector sample to one of greater surface area. This document has some similarities with the ANSI/ASHRAE standard 93-2010, but one main difference is the choice of T*. The draft document [12] recommends using the fluid outlet temperature, T o , as T* as opposed to T i or T fm . In air collectors, T o is close to the average collector temperature, hence it is a more logical choice for a temperature used in calculating the average loss coefficient.
PV/T Collector Characterization
There are currently no standards for characterizing or reporting on the performance of PV/T collectors. In the literature, the thermal performance of liquid PV/T collectors is often presented as a function of the reduced temperature (T i -T a )/G [13] [14] [15] . As for the electrical performance, its dependence on irradiance and temperature cannot be captured using only the reduced temperature. In order to encapsulate the electrical performance of an open-loop air PV/T collector, Othman et al. [16] presented I-V curves for different irradiance levels at fixed flowrate and ambient temperature and the electrical efficiency for different flowrates as a function of the fluid average arithmetic temperature.
In 2003, the European initiative PV Catapult produced a guide to highlight the main issues with PV/T collector performance testing and to suggest elements to incorporate into the standards IEC 61215 [7] and EN 12975-2 [11] to address these issues. The guide focuses on non-concentrating liquid PV/T collectors using c-Si PV cells [17] . One of the main issues discussed in this document is the fact that in a PV/T collector, the thermal performance influences the electrical performance and vice-versa. Thus, taking thermal measurements with the PV short-circuited or in open-circuit would later require the introduction of a thermal performance correction factor to account for the fact that in reality, the collector also produces electricity. PV Catapult concludes that since this factor is probably not straightforward to obtain, the PV/T collector should be producing electricity when taking thermal measurements and that it should be operating at its maximum power point. In order to save on testing time, it is further suggested that both electrical and thermal measurements be taken simultaneously by maintaining the PV at its maximum power point during thermal measurements and performing I-V curves at regular time intervals. Another issue discussed in the PV Catapult guide [17] is the feasibility of performing PV/T collector measurements indoors. Most indoor simulators used for solar thermal collector testing cannot be utilized for PV/T collectors since these usually don't have the spatial uniformity and spectral distribution required for PV testing. Considering that the PV temperature cannot necessarily be measured, the draft states that the temperature used in the thermal bins should have a direct relation with the actual PV temperature so that the latter can be calculated during the data analysis from the measured temperature, weather and collector thermal performance.
As part of the International Energy Agency Solar Heating and Cooling Program (IEA SHC) Task 35 "PV/Thermal Solar Systems" [18] , a report was produced to suggest three types of characterization schemes for PV/T collectors with different levels of detail for design, rating and marketing purposes [19] . The PV/T collector design scheme concept 
Summary
This review shows that the variables affecting the thermal and electrical performance of solar thermal collectors and PV modules operating separately are known, but that it is not clear how the interaction between the electrical and thermal yields can be encapsulated in the performance characterization of combined PV/T collectors. As mentioned by PV Catapult [17] , one way to relate both aspects could be to link the PV temperature to the collector thermal performance. Finding a relation between the two is a challenge, however, because the PV temperature in a PV/T collector is difficult to measure. This is not only due to the temperature non-uniformity, but also to the fact that the back of the cells in such collector is not always accessible for sensor mounting. Thus, since it is not clear how this temperature can be measured, it is also not straightforward to determine how it can be predicted from the weather and collector operating conditions, an essential piece of information to link the electrical and thermal performance and obtain simple performance prediction models that can be used for design purposes.
Methodology
The experimental procedure developed consists of two parts: an indoor procedure to obtain particular electrical parameters and an outdoor procedure to acquire measurements to fully characterize the collector thermal and electrical performance. The experiment was carried out on two unglazed PV/T collector modules having a total gross area of 3.513 m 2 with an absorber consisting of monocrystalline-silicon (c-Si) cells.
Indoor Testing Procedure
The indoor test aimed at obtaining the thermal diode voltage factor, D, and the open-circuit voltage temperature coefficient, β Voc, two parameters that are essential in the calculation of the equivalent cell temperature, ECT. This ECT is the temperature at which the PV cells operate. According to the standard IEC 60904-5 [20] containing the detailed procedure on how to obtain this temperature, the ECT can be calculated with Eq. (2) assuming the open-circuit voltage and irradiance are known variables.
In Eq. For each measurement, the room was heated or cooled until all PV back surface measurements were stable. Then, the irradiance was set to the desired level using crystalene sheets having the capability of varying the irradiance without affecting the spectrum. Finally, an I-V curve was traced while the collector was flashed with the lamp, and both the back surface PV module temperatures and reference cell short-circuit current were recorded. A total of three I-V curves were obtained for each set of conditions.
Outdoor Testing Procedure
The objective of the outdoor test was to gather sufficient data to characterize the collector thermal and electrical performance in open-loop and closed-loop configurations at normal incidence angle. To obtain these measurements, the two collectors were mounted in series on a zenith-azimuth tracking testing rig. Two collectors were used so that the area would be greater than 3 m 2 as recommended in the draft standard for solar air heaters [12] . The two collectors were mounted in a building-integrated configuration, a typical mounting 2 )). During measurements, normal incidence angle was maintained by varying the slope and azimuth angle of the collector. I-V curves were traced at 2 to 4 minute time intervals. For a measurement to be considered valid, quasi-stationary conditions had to be maintained for at least 45 minutes. The first 30 minutes consisted of the preconditioning phase and every subsequent 15 minute period was considered as a measurement phase. This 15 minute period was then sub-divided in three measurements of 5 minute. During this whole period (preconditioning and measurement), the fraction of diffuse radiation had to be less than 30% of the irradiance. Moreover, the in-plane irradiance had to be greater than 700 W/m 2 , with a maximum deviation of ±50 W/m 2 . The other maximum deviations allowed were set at ±20 W/m 2 for the long-wave irradiance, ±5% for both the inlet and outlet flowrates and ±1 K for the inlet and ambient temperatures. In addition to the combined electrical and thermal measurements, data under stagnation conditions were also collected. During stagnation, normal incidence angle was still maintained, but the air heating apparatus and inlet and outlet blowers were turned off. 
Results

Electrical Model Validation
The The coefficients of the electrical models to predict the electrical performance were obtained using either the ECT or T PV_back,AVG as the PV temperature, where T PV_back,AVG is the average of the temperature measurements taken at the back surface of the PV cells.
The ECT was calculated for the outdoor measurements collected during the combined electrical and thermal testing using Eq. (2). The reference observation in Eq. (2) was selected from the dataset collected during the outdoor testing. In order to ensure that the average of the temperature measurements taken at the back of the PV cells was representative of the equivalent operating cell temperature, this observation was taken when the collector was under stagnation and quasi-stationary conditions and all T PV_back measurements were within 3°C.
The PV maximum power point as a function of T PV_back,AVG and ECT for the outdoor observations is presented in Fig. 3 (a) and (b) , respectively. With this information, the PV efficiency at any given temperature and irradiance level,
 mpp (G, T PV ), can be computed by using: Table 1 . The errors are small in both cases since the MBE and RMSE are under 0.3% and 1.6% for both temperatures and the R 2 is above 0.93. 
Thermal Performance Model Validation for Closed-Loop Collectors
With the data collected during the outdoor experiment, the thermal efficiency of this air PV/T collector was computed using Eq. Table 3 . This table only presents first order multiple linear regression models, but higher order models were also investigated as well as exponential models. A 3-variable multiple linear regression model was found to be sufficient using the variables T i , T o and G. Table 5 presents the performance of the model shown in Eq. (4) at predicting  mpp when T PV is calculated using the 3-variable multiple linear regression model coefficients of Table 4 . According to these results, using ECT as T PV in the case of this PV/T collector is comparable to using the average PV back surface temperature over the whole PV electrical efficiency range. As shown in Fig. 7 , the predictions using T PV_back,AVG are better at low efficiency levels, while those using the ECT perform better at high efficiency levels. 
PV/T Model Development for Design Purposes
The models obtained for closed-loop collectors allow the computation of the PV/T collector thermal efficiency from the reduced temperature (T*-T a )/G and flowrate. The electrical model expresses the electrical efficiency as a function of the irradiance and PV cell's temperature. This temperature can be estimated with models using the irradiance and fluid inlet and outlet temperatures as independent variables. These models can be presented in a 5-plot system that captures the collector performance. These 5-plot systems are applicable at the collector gage pressure and wind speed range under which they were developed. They are also only valid for the building-integrated configuration considered here since the thermal efficiency and PV temperature models would not necessarily remain identical if the collector back and edges were poorly insulated. 
This temperature rise can be used in the 3 rd plot to obtain the fluid outlet temperature for various ambient temperatures. This plot is not specific to this collector, but is simply used here to simplify going from one plot to another. The ambient temperature curves are selected to be representative of the ambient temperature range under which the collector is meant to operate even though interpolation is allowed. In the 4 th plot, the PV temperature can be estimated since it is presented as a function of the fluid outlet temperature for various irradiance levels. The influence of the fluid inlet temperature is neglected because this last variable was found to be the least significant in the model to predict T PV . This PV temperature can be used in the 5 th plot to estimate the PV maximum power point. Plots 4 and 5 are produced from the models developed to predict the PV temperature and the PV power production. The ranges used for the fluid outlet temperature, PV temperature and electrical power production should correspond to those typical of the collector operation.
The method for using these plots can be illustrated with the following example represented with dotted lines in Fig. 8 . (T PV -T a )/G is used to obtain a PV efficiency of 0.11. Thus, according to this design scheme, the maximum power point is estimated at 386 W which is acceptable since it is within 3.5% of the value obtained with the actual models. This error is slightly greater than the 1.5% obtained with the 5-plot system in section 4. Thus, in this case, the 5-plot offers a limited improvement in accuracy and is also restricted to one wind speed and operating pressure. The 5-plot system is valid at multiple flowrates, however, and it can be applied to both open-loop and closed-loop configurations. These are two significant advantages compared to the 3-plot system. conditions. Models to predict the PV temperature using either the ECT or the back surface average temperature must also be developed for such operating conditions.
The collector studied here was found to have a relatively low thermal efficiency. The focus of this study, however, is not on the actual PV/T collector performance and coefficients obtained in the different models, but on the method used to fully characterize the thermal and electrical yield of this technology. This method could be applied to different types of PV/T air collectors to simplify the comparison of different designs.
Conclusions
Standardized methods to test, characterize and present the performance are important for every technology since these enable comparisons between different products and the development of simplified models to predict their yield. This study presented a characterization method and a 5-plot system applicable for design calculations of open-loop and closed-loop air PV/T collectors in a building-integrated configuration.
An important finding of this study is related to the PV temperature measurement and to its linkage with the collector thermal yield which has been an issue for the characterization of PV/T collectors. It was found that the use of the equivalent cell temperature as the PV operating temperature provided comparable results to the use of the average PV back surface temperature for predicting the collector electrical efficiency.
An investigation of the important variables in the prediction of the PV temperature showed that a multiple linear regression model using the fluid inlet temperature, the irradiance and the fluid outlet temperature as independent variables could be used successfully to estimate both the PV back surface average temperature and equivalent cell temperature. When using the ECT and the PV back surface average temperature calculated with these models to compute the electrical efficiency, similar results were obtained. Nevertheless, the use of the ECT as opposed to T PV_back,AVG provides a valuable alternative for PV/T collector characterization, for example in collectors where the PV back surface temperature is difficult to access for temperature sensor mounting or where measurement could affect the air flow in the channel. It does require the open-circuit voltage to be known, but I-V curves need to be traced for the electrical characterization.
The thermal efficiency models using the inlet, outlet or average fluid temperature in the calculation of the reduced temperature had similar performance. Considering that the fluid inlet temperature is the only known temperature at the design stage, it was concluded that the use of this temperature made more sense for closed-loop collectors.
For the collector tested in an open-loop configuration, the reduced temperature variation was found to be too small to detect any relation with the thermal efficiency. Thus, a model of the thermal efficiency as a function of the fluid outlet flowrate was found to be more appropriate.
From these models characterizing thermal and electrical performance, and the relation between the thermal and electrical yields, two series of graphs were developed for both closed-loop and open-loop configurations to encapsulate all the collector performance characteristics. These series consist of 5-plot systems that can be used for design purposes to estimate the thermal efficiency, the air temperature rise, the PV temperature and the PV electrical production from the weather and collector operating conditions.
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